Smoke detectors, heat detectors and sprinklers are devices associated with fire detection, with smoke detectors being the most widely used in homes. BRANZFIRE is an efficient zone type computer fire modeling software used to simulate fires in multiroom structures. This modeling software can calculate various important variables involved in a fire scenario like the upper layer and lower layer temperatures, optical smoke density, smoke detector, heat detector and sprinkler activation times.
B. The BRANZFIRE Calculation Method
BRANZFIRE is an abbreviation for Building Research Association of New Zealand FIRE model. The software packages available to us can be categorized into two types -Field models and Zone models. BRANZFIRE uses zone modeling to solve fire simulations. The BRANZFIRE and zone modeling are briefly discussed in Mohammed and Lilley (2010) . BRANZFIRE is similar to CFAST, fire simulation software developed by NIST, but has some advantages over it. CFAST uses temperature as criteria for the smoke detector activation, whereas BRANZFIRE uses optical density at the smoke detector as criteria for activation. BRANZFIRE combines zone modeling techniques with flame spread on lining material based on empirical material. It also has a glass breaking model. The results can easily be imported to Excel sheets and required analysis can be done.
In a previous study, see Mohammed and Lilley (2010) , the application of BRANZFIRE zone model was used to simulate a one-room structure fire, and the time to activation of a sprinkler depending upon its position relative to the location of the fire. Open and closed exterior door was considered, and two fire positions were used: halfway along the shorter wall and in a corner. The fire taken is so-called ultra fast t-squared fire leveling off at a maximum of 2 MW, and taken to be located on a wall or in a corner of the room. The model was used to predict fire phenomena in the upper and lower layers and included the estimation of temperature, visibility and sprinkler activation time. Temperature parameters such as lower layer, upper layer, ceiling jet and link temperature were estimated as time progresses. Several case studies were conducted and the above development was estimated in each case. These case studies were used to investigate the effect of ventilation on the simulation parameters mentioned above. The effect of various sprinkler parameters like, C-factor, activation temperature and response time index, on activation time was studied. The effect of ventilation on the activation times of sprinklers was also studied. The variation of sprinkler activation times and ceiling jet temperatures for wall and corner fires were presented, analyzed and discussed.
Previous work by the present authors, see Raavi and Lilley (2010) , extended the study to include smoke and heat detectors, with all four basic rates of fire growth: ultra-fast, fast, medium and slow fires. The fire scenario was restricted to the closed door situation with fire halfway along the shorter of the two walls. In the present paper, realistic burning items, like a chair, couch, mattress, curtains, workstation, wooden wall, etc. are considered, again retaining the restriction to the closed door situation with fire halfway along the shorter of the two walls The model is thus extended to calculate activation times of smoke detectors and sprinklers with real-world fires. Three different smoke detector sensitivities are considered in all cases, to exemplify the effect of sensitivity on the activation times.
C. Objectives
The main objectives are:
(a) Apply BRANZFIRE modeling to simulate a one-room structure using standard fires, with fire located halfway along the shorter wall, and closed exterior door.
(b) Apply BRANZFIRE to real world fires, like furniture fire, using the same specifications.
(c) Estimate activation times of Australian standard (AS 1603.2) smoke detectors on their position and activation properties using BRANZFIRE modeling.
(d) Estimate sprinkler activation times based on their position and activation properties using BRANZFIRE modeling, with standard default parameters for the sprinkler..
D. Outline of the Study
A brief discussion about BRANZFIRE modeling of fires is presented in Section II, including specifics of the case considered here. Results and discussion occupies Section III, including standard fires and six items of furniture, with smoke detector activation times and sprinkler activation times. Conclusions are presented in Section IV.
II. BRANZFIRE Modeling
BRANZFIRE stands for Building Research Association of New Zealand FIRE model (http://www.branz.org.nz). It is a fire simulation tool based on zone modeling. In general, when fire starts in an enclosure, two different zones are formed; one hot layer or the upper layer containing almost all the smoke and toxic gases and the lower layer which is cooler than the upper layer. BRANZFIRE divides the scenario into zones and treats each zone as a uniform gas volume and same concentration of gases. This simplifies the calculations to a great extent. Mohammed and Lilley (2010) present the basic equations involved in BRANZFIRE modeling. The code applies zone modeling to the multi-room scenario. A system of Ordinary Differential Equations (ODEs) derived using the conservation of mass, conservation of energy, the ideal gas law and the relation for density and internal energy are solve by BRANZFIRE to obtain the results.
A. Basic Equations

B. Smoke Detector
Smoke detector activation is based on the local smoke optical density near the smoke detector. The smoke alarm activates once a given smoke optical density per meter (OD/m) criteria is reached. BRANZFIRE has options to select the type of smoke detector to be used. In all the scenarios presented here Australian standard (AS 1603.2) smoke detectors were used. Only one smoke detector can be installed per room, so that a multitude of computer runs are required in order to obtain the very extensive set of calculated results presented in this paper.
The parameters on which the smoke detectors work are smoke optical density at alarm (1/m), detector sensitivity (% per foot) and characteristic length number (m). The response time of the detector is calculated using Heskestad's method and the smoke concentration in the ceiling is given by Davis which are summarized by Wade (2004b) are given by
where dD t /dt is the rate of smoke build-up, D 0 is the optical density outside the detector, D i is the optical density inside the detector chamber, is the time constant for the detector, L is the characteristic length of the detector and u is the velocity of the ceiling jet at the location of the detector.
All the three parameters can be specified by the user by selecting the appropriate options. Australian standard AS 1603.2 type smoke detectors were used in the scenario described and the parameters of the detector are listed in Table 1 . 
C. Sprinklers
There are two types of sprinklers available in BRANZFIRE namely, commercial and residential sprinklers. One sprinkler per room can be installed. The schematic of zone model with ceiling jet is depicted in Figure 1 . The sprinkler parameters used by BRANZFIRE to calculate the activation times are, water spray density; Response Time Index (RTI), Sprinkler C-factor, radial distance, activation temperature and distance of the sprinkler below the ceiling. The water spray options can be given as "Suppression," "Control" or can be turned "OFF". The equations used to calculate activation time for sprinkles are discussed by Mohammed and Lilley (2010) are discussed below.
The differential equation used for sprinkler activation time is given below. Both convective heating of the sensing element and conductive losses to the sprinkler piping are incorporated. Table 2 shows the standard default parameters used in BRANZFIRE to calculate the activation times of the sprinklers, and these values are retained throughout this entire study. Mohammed and Lilley (2010) summarize validation of sprinkler performance in BRANZFIRE discussed by Wade (2008) . A series of experiments were conducted using different fires. One of the different fires used was JP-5 pool fires. There was an agreement between the simulated results and experimental results up to a radial distance of 10m. Other tests involving 22 different fires were conducted to estimate the activation times. It can be understood that the predicted sprinkler activation time calculated by BRANZFIRE using the JET ceiling jet option is 21% longer than the experimental sprinkler activation time and optimum value for C-factor was found to be 0.4 (m/s) 1/2 . Wade (2008) summarizes the validation of smoke detector activation times. Optical density predicted by BRANZFIRE was too high relative to the experimental value and it signified the need to investigate smoke yields from fuels and implement it in BRANZFIRE. The activation times of smoke alarms calculated by BRANZFIRE were less than that obtained from the experiments regardless of whether photo-electric or ionization devices were used. This might be partly due to the high optical densities calculated by BRANZFIRE. However, it was noticed that BRANZFIRE correctly predicted the activation order of the smoke alarms in which those detectors far from the fire responded later than those close to the fire.
D. Validation
E. The Case Considered
The case considered is a single room which is, 5 m is x-direction, 4 m in y-direction and with a ceiling height of 2.5 m is considered. The origin of xyz coordinates is as shown in the The door is always closed in all the simulations. The location of the wall fire is shown in the Figure 2 . It is located in the center. Every time the type of fire changes but the location remains the same in all cases. A total of 11 sprinklers and 11 smoke detectors were installed in the room for each simulation. The sensitivity of the smoke detectors was changed to compare their activation times. All the detectors were placed radially away from the fire as shown in the Figure 2 . The distance between the adjacent detectors is 0.5 m. Table 3 shows the sprinkler and smoke detector number and location. The results will illustrate vividly the effect of their distance and the time to activate under the specific fire scenarios. 
F. Different Fires Considered
Heat Release Rate The magnitude of damage during a fire accident mainly depends on the heat release rate. Heat release rate is not solely the property of the fire object. It depends on the conditions surrounding the fire. For instance, the heat release rate of the fire is different when the same object is burned in a closed room and compared to an open room. The heat release rate also depends on the physical state of the fuel. Basic "standard" fire growth rates are used, together with experimental data for real-world burning items. There are various predefined fire objects listed in BRANZFIRE. Selected fires from the ones listed were considered to study the affect of fire on smoke detector and sprinkler activation times, including : 
III. Results and Discussion
This chapter presents various results obtained from BRANZFIRE simulations for the case considered and discusses various effects observed in this process.
A. t-Squared Fires
A large number of fires can be represented as power law growth fires, with t-squared fires being those which have a heat release rate that grows proportional to the square of the time. Slow, medium, fast and ultra-fast fire growths are treated as t 2 fire. The heat release rate after an initial incubation period t o , is given by where f is a fire-growth coefficient (kW/s 2 ) and to is the length of the incubation period (s). The coefficient f appears to lie in the range 10 -3 kW/s 2 for very slowly developing fires to 1 kW/s 2 for very fast fire growth. The incubation period (t o ) will depend on the nature of the ignition source and its location, but data is now becoming available. The specification there for the fire-growth coefficient f (kW/s2) is: Figure 3 gives the heat release rate versus time for several t-squared fires. Although full details are available in a previous study, see Raavi and Lilley (2010) , it is convenient to include some results found previously with these standard fires.
A.1 Ultra-fast fire growth rate, yields as for polyurethane foam The specified fire is an ultra-fast t-squared fire with a maximum heat release rate of 5MW reached in 163.3 seconds. Polyurethane foam is used to generate this kind of fire. With closed exterior door, the fire is substantially constrained and falls from about 1.6 MW to zero at the 92 second mark. Figure 4 shows the activation times of the smoke detector based on the sensitivity plotted against distance from the fire. Notice that all the smoke detectors activate within 20 sec, even before the fire reaches its maximum which is 1.5 MW at 92 seconds. As we look at Table 4 , the tabulated data for the figure, we can say that the sensitivity of the smoke detector does not alter the activation time when the detector is closer to the fire. Also, when the detector is far away from the fire object there is a very little difference in the activation times when the sensitivity changes. The sensitivity does not show significant effect even when the detector is far away from the fire. All the activation times lie in the range of 12-19 seconds. 
A2. Fast fire growth rate, yields as for polyurethane foam
The specified fire is a fast t-squared fire with a maximum heat release rate of 5MW reached in 326.5 seconds. Polyurethane foam is used to generate this kind of fire. The specified versus constrained fire heat release rate are again very different with our closed exterior door, and the constrained fire drops to zero size at the 150 second mark when the fire has just reached 1 MW output. Figure 5 compares activation times of all smoke detectors placed in the room based on the sensitivity and distance from the fire. Activation times are slightly greater that the ultra-fast fire case shown in Table 6 . Notice that, even in this case when the smoke detector is very close to the origin of fire, sensitivity does not alter the activation time. When the detector is away from the fire, the activation time of detector having normal sensitivity is little higher than the high and very high sensitivity detectors. Activation times of all the smoke detectors lie in the range 15-27 seconds, somewhat longer times than the 12-19 seconds with the ultra-fast fire of the previous section.
A3. Medium fire growth rate, yields as for polyurethane foam
The specified fire is a medium t-squared fire with a maximum heat release rate of 5MW reached in 653.2 seconds. Polyurethane foam is used to generate this kind of fire. The specified versus constrained fire heat release rate are again substantially different, and the fire drops to zero size from 0.7 MW at the 240 second mark. Figure 6 shows activation times of all smoke detectors placed in the room based on the sensitivity versus distance from the fire. Notice that, when the smoke detector is very close to the origin of fire, sensitivity does not alter the activation time. But when we move away from the fire, the effect of sensitivity of the smoke detector is clearly observed. As the sensitivity increases the activation time reduces significantly. The smoke detectors take more time to activate when compared to the ultra-fast and fast fires. That is, the activation times are now in the range of 19-39 seconds, somewhat longer times than the 12-19 seconds with the ultra-fast fire. 
A4. Slow fire growth rate, yields as for polyurethane foam
The specified fire is a slow t-squared fire with a maximum heat release rate of 5MW reached in 1306.3 seconds. Polyurethane foam is used to generate this kind of fire. The specified versus constrained fire heat release rate are also very different, and the constrained fire falls from 0.5 MW to zero at about the 400 second mark. Smoke detector activation times versus distance from fire and detector sensitivity is shown in Figure 7 . We see that the activation times are greater when compared to ultra-fast, fast and medium fire growth rate fires. The detectors away from the fire clearly demonstrate the effect of sensitivity of the smoke detector being more strongly felt than in the faster burning fires. The range is over the proximity and sensitivity of the detector, with close detectors with very high sensitivity being at the lower end of the time ranges. Figure 4 shows the predicted sprinkler activation times versus location of the sprinkler for the t-squared fires. We see that as the distance of sprinkler from fire increases the time for the sprinkler to activate increases because the time taken for the upper layer temperature to reach the sprinkler activation temperature increases as we move away from the fire. In case of ultra fast fire, the sprinkler activation times fall in a narrow range between 30 and 94 seconds when compared to slow fire having activation times between 132 and 461.
A5. Sprinkler Activation Times with Standard Fires
In all cases, sprinkler activation is via the use of standard default parameters given in the released BRANZFIRE code. The activation temperature of the sprinkler is 74° C. The Response Time Index (RTI) is 100 (m.s) 1/2 and Cfactor is 0.4 for all cases in this scenario. 
B.1 Bed and Night Table
The fire object considered in this case is a bed and night table made of wood. The specified fire starts at 70 seconds and reaches 1 MW in 700 seconds. The specified versus constrained fire heat release rate is shown in Figure  9 . The constrained fire does not reach 1 MW due to lack of oxygen in the closed room necessary for combustion. It dies after 300 seconds. Table fire Figure 10 shows activation times of smoke detectors with different sensitivities placed at different locations for a bed and night table fire. We see from the heat release rate graph in Figure 5 the fire starts at 70, so all the detectors activate only after 70 seconds. The detector with high sensitivity closest to the fire activates at 72 seconds. Table 5 shows activation times of all the smoke detectors. The effect of sensitivity is clearly seen in case of the detectors placed away from the fire. This can be due to the fire have slow growth rate. 
B.2 Bunk Bed
The fire object considered in this case is a Bunk Bed. More info about the fire is found at NIST web site (http://fire.nist.gov/fire/fires/bunk/bunk.html). The specified and constrained fire both start at 9 seconds and reaches 1MW in 220 seconds. The specified fire reaches a maximum heat release rate of 4.6 MW in 240 seconds whereas the constrained fire doesn't go all the way to 4.6 MW. It dies after it reaches 3.6 MW in 230 seconds due to lack of oxygen for combustion. The specified versus constrained fire heat release rate is shown in the Figure 11 . Figure 12 is a comparison of all the smoke detectors placed at different locations from the fire based on sensitivity. All the detectors activate much before the fire reaches its maximum heat release rate. Activation times of the smoke detectors lie in the range 17-94 seconds. Observe the activation times for the detectors placed at 1.5 to 5 meters away from the fire. This signifies the importance of sensitivity of the smoke detector on activation time. 
B.3 Dresser
The fire object considered in this case is a Dresser. More info on the fuel is found at NIST website (http://fire.nist.gov/fire/fires/dress2/dress2.html). The specified fire starts at 10 seconds and reaches 1MW in 423 seconds. The constrained dies before the heat release rate reach 1 MW due to lack of oxygen for combustion. It goes up to 0.43 MW. The specified versus constrained fire heat release rate is shown Figure 13 . Table 7 . Figure 14 is a plot of smoke detectors with different sensitivites versus distance from fire object. As we move away from the fire there is a significant difference in activation times of the detector when the sensitivity changes. Activation times of all the detectors fall in the range 11-51 seconds. 
B.4 Mattress
The fire object considered in this case is a Mattress. More data about the fire is found at NIST website (http://fire.nist.gov/fire/fires/matt1/mat1.html). The specified fire reaches a maximum of 0.7MW in 151 seconds. The specified versus constrained fire heat release rate is shown in Figure 15 and we see that the constrained fire also reaches 0.7 MW as specified, but falls suddenly after 180 seconds due to lack of oxygen for combustion. Activation times of the smoke detectors based on the sensitivity and distance from fire for mattress fire are shown in the Figure 16 and Table 8 .. The activation times of all the detectors fall in the range 17-33 seconds. The sensitivity of the smoke detector does not alter the activation times. This is due to the fire reaching the maximum heat release rate in 150 seconds simlira to the fast fire. 
B.5 Two-seater metal frame chair
The fire object considered in this case is a two-seater metal frame chair. The specified fire reaches its maximum heat release rate of 3MW in 181 seconds and thereafter gradually reduces. The specified versus constrained fire heat release rate is shown in Figure 17 . Table 9 shows activation time of the smoke detectors for different sensitivities. We can clearly see from Figure 14 , as the distance from the fire increases sensitivity of the smoke detector affects the activation times by a great deal. Figure 18 . Activation Times for different sensitivities of smoke detector Versus Distance from fire for a two-seater metal frame chair fire 
B.6 Wardrobe
The fire object considered in this case is a wardrobe. Here the fuel type is wood. The specified fire reaches its maximum heat release rate of 3.5 MW in 110 seconds. More data on the fire can be obtained from BRANZFIRE computer code. The specified versus constrained fire heat release rate is shown in Figure 19 . The constrained reaches a maximum of 2.2 MW in 90 seconds and dies after that due to lack of oxygen in the closed room for combustion. The activations times of the smoke detectors with different sensitivities are tabulated and graph is shown in Table 10 and Figure 20 , respectively. In this case sensitivity affects the activation times very little even we move away from the fire due to the high heat release rate similar to the ultra-fast fire. All the activation times fall in the range 36-48 seconds. 
IV. Conclusions
The BRANZFIRE computer code has been applied to calculate sprinkler and smoke detector activation times for a single room with closed exterior door with a variety of fires, all located halfway along the shorter wall of the room. These fires included the four standard fires and six furniture fires. Activation times for all the 11 sprinklers and 11 smoke detectors with 3 different sensitivities were calculated. Results obtained from BRANZFIRE simulation indicated that the constrained heat release rate falls below the specified heat release rate in most of the cases, because of lack of availability of oxygen as the smoke descends in the closed room. Smoke detector activation times were compared, for different fires, based on detector sensitivity. It was observed that smoke detector activation times are much lower than heat detector and sprinkler activation times. In the case of medium and slow fires, smoke detector sensitivity plays a more important role in detection times than with ultra-fast and fast fires. This is especially so when the detector is further away from the fire object. This effect is significantly seen in fires having slow growth rate or low maximum heat release rate like the dresser fire. When the detector is close to the fire object effect of sensitivity on the activation times is negligible. This effect is observed for all the fires other than the fires having very low heat release rate.
